1. Introduction
===============

According to global statistical reports, 17.5 million individuals succumb to cardiovascular diseases (CVDs) annually worldwide ([@b1-ijmm-46-03-0936]). In recent years it has been found that dysfunctional microflora-dependent intestinal metabolism is a risk factor for CVDs and is relevant to the development of various angiocardiopathies, including stroke, hypertension, atherosclerosis and myocardial dysfunction ([@b2-ijmm-46-03-0936]). With modern-day changes in living conditions, CVDs are no longer considered geriatric diseases, as they also affect younger age groups ([@b3-ijmm-46-03-0936]).

The pathogenic mechanisms underlying the development of CVDs have both genetic and environmental elements. CVD is not a single-factor disease, as it is often affected by multiple factors, such as hyperglycemia ([@b4-ijmm-46-03-0936]), hyperlipidemia ([@b5-ijmm-46-03-0936]) and hormonal dysfunction ([@b6-ijmm-46-03-0936]), further complicating the understanding of this disease. The clinical methods for diagnosing and treating CVDs are continuously improved and updated, and the association between intestinal flora and CVD has become a research hotspot in recent years, with researchers finding that anaerobic bacteria constitute the main intestinal flora, with 500-1,000 recognized species to date ([@b7-ijmm-46-03-0936]). It has been found that imbalances in intestinal flora are associated with various CVDs in humans, and there is evidence that metabolites regulate the development of CVDs through inflammation, apoptosis and other signaling pathways ([@b8-ijmm-46-03-0936],[@b9-ijmm-46-03-0936]).

Intestinal flora produces a number of metabolites, but trimethylamine (TMA) and trimethylamine N-oxide (TMAO) ([@b10-ijmm-46-03-0936]), bile acids (BAs) ([@b11-ijmm-46-03-0936]), short-chain fatty acids (SCFAs) ([@b12-ijmm-46-03-0936]) and aromatic amino acids (AAAs) ([@b13-ijmm-46-03-0936]) are considered the most important for cardiac and vascular function in humans ([Fig. 1](#f1-ijmm-46-03-0936){ref-type="fig"}).

2. Association between gut microbiota metabolites and angiocardiopathy
======================================================================

Angiocardiopathies, which include coronary atherosclerotic cardiopathy, diabetic cardiomyopathy, heart failure, stroke, hypertension and peripheral vascular disease, are a group of diseases affecting the heart and blood vessels ([@b14-ijmm-46-03-0936]). Over the last few decades, dietary and lifestyle modifications have been focused on lowering or eliminating modifiable angiocardiopathy risk factors, such as hypercholesterolemia, hyperlipidemia, hypertension, type 2 diabetes mellitus, or smoking ([@b15-ijmm-46-03-0936]). Consequently, although overall mortality from CVDs has declined over this time period, angiocardiopathy remains the main cause of death across the globe ([@b16-ijmm-46-03-0936]).

The digestive tract is colonized to different degrees by intestinal microbes that play a key role in digestive physiology and intestinal homeostasis in humans and other mammals, and their role in metabolism is associated with carbohydrate and protein digestion ([@b17-ijmm-46-03-0936]). The gut microbiome functions like an endocrine organ, with colonic microorganisms mediating the final stages of the digestive process, which may impact host physiology ([@b18-ijmm-46-03-0936]). The intestinal tract continuously absorbs the low-molecular-weight metabolites produced by intestinal flora, which are transported to the liver for processing and release into the systemic circulation. These metabolites act on several sites in the body and may be beneficial and/or harmful to the host by, for example, promoting or reducing the risk of CVDs ([@b19-ijmm-46-03-0936]). Intestinal homeostasis imbalance, immune dysfunction, environmental and other factors may cause a number of diseases, and intestinal microflora plays an important role in maintaining a healthy intestinal balance. Recent studies indicated that gut dysbacteriosis may be associated with the occurrence and development of atherosclerosis, myocardial infarction, hypertension, diabetes and hyperlipidemia, and that microbiota metabolites may play a protective or aggravating role in angiocardiopathies ([@b18-ijmm-46-03-0936],[@b20-ijmm-46-03-0936]). The majority of studies in the field of metabolic diseases has been focused on the role of chronic inflammation ([@b21-ijmm-46-03-0936]). Wang *et al* ([@b22-ijmm-46-03-0936]) found that intestinal flora participates in the etiopathogenesis of cardiovascular and metabolic diseases, suggesting that the microbiome may represent a target for the treatment of metabolic diseases. However, the mechanisms and impact of intestinal flora in the pathogenesis of disease and its complications have yet to be fully elucidated.

3. Targeted regulation of CVDs by several prime metabolites from gut microbiota
===============================================================================

The gut flora may be subdivided into three broad categories: Beneficial, harmful and neutral bacteria ([@b23-ijmm-46-03-0936]). The gut microbiota participates in host metabolism by interacting with host signaling pathways, such as the TMA or TMAO, SCFA, primary and secondary BA and phosphatidylcholine pathways ([@b10-ijmm-46-03-0936],[@b24-ijmm-46-03-0936]). The metabolites mentioned above may be pro-inflammatory, or protective and anti-inflammatory, or play a largely unknown biological role. Therefore, it is important to identify new factors implicated in the occurrence and development of diseases associated with the effect of gut microbiota on such pathways. Hence, the focus of the present review was our current knowledge on the three most extensively investigated metabolites produced by intestinal flora.

Associations between choline, TMA, TMAO and cardiovascular risk factors
-----------------------------------------------------------------------

Choline is the precursor of phosphatidylcholine, sphingomyelin, acetylcholine and betaine, and also participates in signaling and lipid transport, one-carbon metabolism, neurotransmission and membrane structure ([@b25-ijmm-46-03-0936]). Of note, choline, phosphatidylcholine and carnitine are metabolized by intestinal flora to produce TMA, which is transformed in the liver into TMAO by flavin monooxygenase 3 (FMO3) ([@b26-ijmm-46-03-0936]). TMAO, a small quaternary amine that directly induces conformational changes in proteins, stabilizes protein folding and acts as a small molecular protein chaperone ([@b27-ijmm-46-03-0936]), whereas TMA can affect signal transduction by directly interacting with a family of GPRs. More importantly, it can upregulate the scavenger receptors CD36 and SRA on the surface of macrophages, thereby promoting the accumulation of cytoplasmic cholesterol and accelerating the development of atherosclerosis ([@b28-ijmm-46-03-0936],[@b29-ijmm-46-03-0936]). TMAO may accelerate platelet activation and inflammation, the levels of which are increased in atherosclerosis and associated complex CVDs ([@b30-ijmm-46-03-0936]).

Brown and Hazen discovered that atherosclerosis-prone mice fed choline- and TMAO-rich diets exhibited accelerated development of atherosclerosis and cholesterol metabolism disorders ([@b31-ijmm-46-03-0936]). The main mechanism by which TMAO promotes atherosclerosis is the reverse transport of cholesterol and its catabolism, and atherosclerotic plaques containing large amounts of bacterial DNA have been confirmed by autopsy ([@b32-ijmm-46-03-0936],[@b33-ijmm-46-03-0936]). This evidence suggests that the chronic inflammation caused by intestinal flora promotes the formation of atherosclerotic plaques. Clinical cohort studies have demonstrated that *in vivo* choline, TMAO and betaine levels may be used as predictors of short- and long-term malignant cardiovascular events ([@b31-ijmm-46-03-0936]). However, Winther *et al* ([@b34-ijmm-46-03-0936]) analyzed 1,159 patients with type 1 diabetes and found that high plasma TMAO concentrations increased the risk of cardiovascular events, renal vascular disease and mortality in these patients, indicating that TMAO damages the micro- and macrovasculature, leading to renal failure ([@b22-ijmm-46-03-0936]). In recent years, researchers have come to realize that several of the pathways involved in inflammation, apoptosis, pyroptosis and autophagy are involved in regulating intestinal flora and its metabolites, which may have a positive or negative impact on the body. In mouse experiments, Li *et al* observed that TMAO can activate the toll-like receptor 4 (TLR4)-NLR family pyrin domain containing 3 (NLRP3)-transforming growth factor-β (TGF-β) signaling pathway *in vivo* as well as *in vitro*, leading to an increase in the production of reactive oxygen species, inflammatory cytokines and collagen deposition, and resulting in severe cardiac fibrosis and cardiac dysfunction ([@b35-ijmm-46-03-0936]). TMAO also induces proliferation, migration and collagen synthesis in cardiac fibroblasts. Possible mechanisms underlying the role of TMAO in angiocardiopathy were proposed recently: TMAO may be involved in homeostatic balance in the endoplasmic reticulum, as shown by an experiment where overexpression of the green fluorescent protein-tagged iodide transporter pendrin caused endoplasmic reticulum perturbation ([@b36-ijmm-46-03-0936]). The endoplasmic reticulum stress kinase (PERK) is recognized by TMAO and stimulates the PERK embranchment of the unfolded protein response, causing dysfunction of glucose metabolism; hence, targeting the TMAO-PERK pathway may improve metabolic disorders ([@b37-ijmm-46-03-0936]). Moreover, TMAO has been shown to accelerate endothelial cell dysfunction by activating the protein kinase C (PKC)/nuclear factor-κB (NF-κB)/vascular cell adhesion molecule 1 (VCAM-1) pathway during the pathological process of atherosclerosis ([@b38-ijmm-46-03-0936]). Therefore, altering the abundance of intestinal flora and inhibiting the production of TMAO may be of value in preventing and treating CVDs.

Interaction of gut microflora with BA metabolism and its impact on disease states
---------------------------------------------------------------------------------

BAs are synthesized in the liver from cholesterol via the classic and alternative pathways ([@b39-ijmm-46-03-0936]) ([Fig. 2](#f2-ijmm-46-03-0936){ref-type="fig"}), and they are recycled mainly through the enterohepatic circulatory system ([@b40-ijmm-46-03-0936]). The classic pathway undergoes a series of reactions to produce diols and triols, which are carboxylated by mitochondrial CYP27A1 to produce cholic acid (3α,7α,12α-trihydroxy-5β-cholic acid; CA) and chenodeoxycholic acid (3α,7α-dihydroxy-5β-cholic acid; CDCA), the latter of which is the primary BA formed in the human body. These two primary BAs combine with taurine or glycine to form secondary BAs, which are subsequently excreted into the bile. Alternating hydroxylation reactions produce primary BAs with different structures, particularly α-, β- and γ-polyphenolic acids. Therefore, under the action of intestinal flora, the chemical diversity of the BA pool in the body increases, and CA and CDCA produce two major secondary BAs, deoxycholic acid (3α,12α-dihydroxy-5β-cholic acid; DCA) and lithocholic acid (3α-hydroxy-5β-cholic acid; LCA), respectively. CYP7A1, a microsomal cytochrome P450 isozyme, catalyzes the first and rate-limiting steps of this pathway. Nuclear receptors and genes regulated by BAs/oxysterol are potential targets for the treatment of cardiovascular and liver diseases and the reduction of triglyceride and cholesterol levels ([@b40-ijmm-46-03-0936],[@b41-ijmm-46-03-0936]). The bile stored in the gallbladder is stimulated for release into the intestine postprandially ([@b42-ijmm-46-03-0936]). Intestinal flora modulation of BAs is pivotal to producing DCA and LCA ([@b43-ijmm-46-03-0936]). Most BAs are reabsorbed at the end of the ileum and upper colon by the apical sodium-dependent BA transporter and the ileal BA transporter in the intestinal cells ([@b44-ijmm-46-03-0936]). BAs play vital roles in lipid and glucose metabolism and energy consumption, and have also emerged as newly identified metabolic regulators of signaling molecules ([@b45-ijmm-46-03-0936]).

Gut bacteria affect BA synthesis by regulating the expression of the farnesoid X receptor (FXR) and G protein-coupled receptors (GPRs) ([@b46-ijmm-46-03-0936]). Numerous experiments have confirmed that FXR is a BA receptor that is expressed in the aorta and cardiomyocytes. BAs may compromise cell membrane and DNA integrity, and/or induce protein degeneration and inactivation ([@b47-ijmm-46-03-0936]). BAs inhibit the growth of intestinal flora through the FXR target system ([@b48-ijmm-46-03-0936]), and FXR plays a major role in protecting the distal small intestine from bacterial invasion. Activation of FXR may prevent translocation of intestinal flora. It was previously reported that the total BA (TBA) levels in the serum of patients with hypertension are directly proportional to the severity of the disease ([@b41-ijmm-46-03-0936]). BAs may be involved in the occurrence and progression of hypertension through 11β-hydroxysteroid dehydrogenase (11β-HSD) ([@b49-ijmm-46-03-0936]). This enzyme can rapidly inactivate cortisol and prevent excessive cortisol and aldosterone from competing for mineralocorticoid receptors. However, when the expression of 11β-HSD is deficient or suppressed, blood pressure (BP) may increase ([@b50-ijmm-46-03-0936]). For patients with coronary atherosclerotic disease caused by a high cholesterol diet ([@b51-ijmm-46-03-0936]), BA excretion disorders may significantly reduce the excretion of TBAs, DCA and LCA ([@b52-ijmm-46-03-0936]). GPR5 is an intracellular receptor for BAs, and intestinal flora can inhibit the synthesis of BAs by activating GPR5 expression. Therefore, BAs and their derivatives activate the anti-atherosclerotic effect of FXR. Thus, the BA content in plasma may be used as a predictive factor for CVD risk ([@b24-ijmm-46-03-0936]). *In vitro* electrophysiological experiments have confirmed that different BAs exert various effects on cardiomyocytes, mainly by altering the concentrations of sodium, potassium and calcium. Hydrophilic BAs (e.g., ursodeoxycholic acid) may play a role in stabilizing the cell membrane potential and preventing arrhythmia ([@b53-ijmm-46-03-0936]). Lipophilic BAs readily induce changes in membrane potential, exert toxic electrophysiological effects on cell membranes, and facilitate the occurrence of arrhythmias ([@b54-ijmm-46-03-0936]). It was also found that cardiomyocyte apoptosis occurs after free BAs activate FXR and caspase-9/caspase-3, regulate BCL-2/BAX expression, cause mitochondrial dysfunction, and ultimately lead to ischemia-reperfusion injury in myocardial cells ([@b55-ijmm-46-03-0936]). Certain antibodies can reduce TMAO synthesis by blocking the choline-TMA pathway, thereby reducing the incidence of atherosclerosis ([@b56-ijmm-46-03-0936]). The interaction between BAs and gut intestinal flora exerts important regulatory effects on CVDs, and may prove useful in guiding treatment.

Crosstalk between gut microbiota and SCFAs, and modulation of the mechanisms involved in CVDs
---------------------------------------------------------------------------------------------

Fatty acids (FAs), which are carboxyl-containing, long-chain aliphatic hydrocarbons, are a staple component of glycolipids, phospholipids and neutral fats. Obesity caused by a high-fat diet (HFD) increases the risk of CVD; however, the type of FA consumed has a more pronounced effect on the disease ([@b56-ijmm-46-03-0936]). In fact, the levels of eight metabolites in the intestinal flora are known to undergo significant changes with such diets; these include ethylmethylacetic acid, butyric acid, valeric acid, palmitic acid, stearic acid, arachidonic acid, indole and indoleacetic acid, the latter of which increases sputum production. Stearic and palmitic acids, which are the main saturated FAs, are believed to stimulate inflammatory signaling by macrophages and readily cause chronic vascular inflammation *in vivo* and *in vitro* ([@b51-ijmm-46-03-0936],[@b57-ijmm-46-03-0936]).

According to the data released in 2015 relating to medical office BP measurements, hypertension has a global prevalence of 1.13 billion and 150 million cases in Central and Eastern Europe, respectively. In recent years, studies ([@b58-ijmm-46-03-0936]) have found that dysbiosis of the intestinal flora affects BP stability. Metabolites from microbial flora, such as SCFAs and TMAO, are implicated in the pathogenesis of CVD. Therefore, it has been suggested that the metabolic products from microflora may be used as targets to treat hypertension ([@b58-ijmm-46-03-0936]). SCFAs, which are mainly produced by anaerobic bacteria, such as *Lactobacillus* and *Bifidobacteria*, are an important energy source for intestinal microflora and the intestinal epithelial cells of the host, and can inhibit the growth of harmful bacteria, maintain the acid-base balance in the intestinal tract, reduce inflammatory responses, and regulate the host\'s intestinal immunity. Butyric acid, acetic acid and propionic acid constitute 90% of the intestinal SCFAs ([@b59-ijmm-46-03-0936]). They are absorbed into the blood circulation, providing energy for the heart, brain, muscles and kidneys, and affect the transport and metabolism of epithelial cells ([@b60-ijmm-46-03-0936]). Two studies have reported that some *Anaerostipes* and other eubacterial species utilize D- and L-lactate to generate acetate, propionate and butyrate ([@b15-ijmm-46-03-0936],[@b17-ijmm-46-03-0936]). Experiments have revealed that SCFAs can regulate the immune response by activating GPRs and inhibiting histone deacetylases (HDACs), as well as partially suppressing inflammation. GPR is expressed in almost all immune cells, and SCFAs mainly activate GPR41, GPR43 and GPR109 ([@b61-ijmm-46-03-0936]). It was recently discovered that, in type 2 diabetes, the intestinal metabolite sodium butyrate (NaB) maintains blood glucose homeostasis and expedites glycogen metabolism by adjusting the GPR43-protein kinase (Akt)-glycogen synthase kinase (GSK) 3 signaling pathway, and the results from experiments in db/db mice have shown that NaB administration can reduce glycogen staining in cells and improve hepatic lobular fibrosis and steatosis, thereby decreasing the damage to systemic blood vessels caused by hyperglycemia ([@b15-ijmm-46-03-0936]). HDACs are a group of proteins involved in modifying chromosome structure and regulating gene expression. The degree of deacetylation of Foxp3 is affected by HDAC9, which is prone to Foxp3 degradation. SCFAs may also be used by the body through HDAC inhibition to enhance histone acetylation of Foxp3, promote the differentiation of T cells into effector and regulatory T cells, and inhibit the inflammatory response ([@b62-ijmm-46-03-0936]). Moreover, SCFAs have been shown to affect olfactory receptors in blood vessels and kidneys, thereby affecting BP ([@b63-ijmm-46-03-0936]). A cross-sectional study on BP and intestinal flora in hypertensive subjects revealed that some SCFA-producing microbes (*Lachnospiraceae*, *Bacteroides plebeius* and *Bacteroides coprocola*) were more highly abundant, while others (*Roseburia hominis*, *Faecalibacterium prausnitzii*, *Ruminococcaceae* NK4A214, *Christensenellaceae*\_R-7 and *Ruminococcaceae*\_UCG-010) were less abundant ([@b58-ijmm-46-03-0936]). These species are positively correlated with systolic and diastolic BP. The same study reported that the level of SCFAs in the plasma was low, whereas the level of fecal SCFAs was significantly higher, indicating that the intestinal SCFA absorption rate is low ([@b58-ijmm-46-03-0936]). The SCFA content is positively correlated with *Clostridium*, *Lactobacillus* and *Blautia* XlVa levels, whereas acetic acid, propionic acid and butyric acid levels are inversely proportional to the abundance of *Streptococci*, *Enterococci* and other bacteria ([@b22-ijmm-46-03-0936]).

Thus, it appears that SCFAs can enhance the abundance of intestinal flora and improve the numbers of beneficial flora, so as to maintain the metabolic balance of sugars, lipids and proteins and reduce the occurrence of CVDs, diabetes and hypertension.

Gut microbiota-derived AAAs and types of angiocardiopathy
---------------------------------------------------------

AAAs, such as tyrosine (Tyr), tryptophan (Trp) and phenylalanine (Phe), are benzene ring-containing amino acids. Among them, Trp and Phe must be obtained from the diet, whereas Tyr may be obtained by Phe hydroxylation in the human kidney and liver ([@b64-ijmm-46-03-0936]). Dietary proteins, such as fish, beef, pork and chicken, are the main sources of AAAs ([@b65-ijmm-46-03-0936]). Tyr and Trp are the precursors of a large number of bioactive molecules: Dopamine, epinephrine, norepinephrine and thyroid hormone are derived from the former, and serotonin, melatonin and niacin from the latter ([@b66-ijmm-46-03-0936],[@b67-ijmm-46-03-0936]).

Dodd *et al* ([@b45-ijmm-46-03-0936]) characterized a pathway whereby the metabolites of AAAs were generated by the gut symbiont *Clostridium sporogenes*, and all three AAAs were used as substrates in this pathway. The authors demonstrated that *Clostridium sporogenes*, a type of intestinal bacteria from the *Firmicutes* phylum, can regulate AAA metabolism through the fldC gene and metabolize dietary Trp into indolepropionic acid (IPA), which accumulates in the serum and exhibits wide differences between individuals. IPA affects intestinal epithelial permeability and systemic immunity by acting directly on the progesterone X receptor ([@b45-ijmm-46-03-0936]).

Shishehbor *et al* determined the levels of 3-nitrotyrosine in the plasma from patients with coronary heart disease via stable isotope-dilution high-performance liquid chromatography and on-line electrospray ionization tandem mass spectrometry ([@b67-ijmm-46-03-0936]). They found that modified apolipoprotein A-1, apolipoprotein B-100, fibrinogen and nitrated Tyr residues promote atherosclerosis, which may be a risk factor for thrombosis ([@b68-ijmm-46-03-0936]). Metabolites from AAAs (such as Trp) inhibit inflammation by upregulating the aryl hydrocarbon receptor (AhR) in astrocytes or T-cells; however, excessive intake of foods containing long-chain FAs is likely to affect the production of metabolites ([@b69-ijmm-46-03-0936]). AhR is a hydrocarbon with a benzene ring structure and, as a ligand-induced transcription factor, it is expressed in both immune and epithelial cells ([@b70-ijmm-46-03-0936]). It is known that Trp is an essential amino acid that it is metabolized by intestinal flora to produce immunoregulatory products that can bind to AhR. Among these, Trp-positive bacterial species of *Lactobacillus* can produce various indole metabolites from dietary Trp, activating AhR and inhibiting inflammation ([@b71-ijmm-46-03-0936]). Indoleamine 2,3-dioxygenase is an enzyme induced in numerous types of immune cells (e.g., macrophagocytes) in response to inflammatory stimuli, thereby facilitating the degradation of Trp along the kynurenine pathway; however, when the activity of this enzyme is high, it may worsen angiocardiopathy and accelerate vascular inflammation and atherosclerosis ([@b72-ijmm-46-03-0936]). Additionally, obesity is known to be associated with an increase in enteric canal indoleamine 2,3-dioxygenase activity ([@b73-ijmm-46-03-0936]). When this enzyme is inhibited or the gene encoding it is knocked out, insulin sensitivity improves, the intestinal mucosal barrier is preserved, and endotoxemia and chronic inflammation improve, while lipid metabolism in adipose tissues and the liver is regulated ([@b73-ijmm-46-03-0936]). Therefore, the products of AAA catabolism extracted from the intestinal flora may be used as biomarkers for imbalances in intestinal flora, an may also serve as targets for intestinal flora development ([@b74-ijmm-46-03-0936]). Hoyles *et al* performed rodent and human hepatocyte experiments to combine metagenomic sequences with metabolomics data to identify the mechanism(s) through which AAAs exert their biological effects. A direct role for gut-derived degradation of AAAs from microorganisms in peripheral arterial disease into phenylacetic acid has been shown to involve increased branched-chain amino acid (BCAA) utilization and AAA metabolism to promote steatosis. Circulating fat metabolism indicators support BCAA metabolism and microbial metabolism of AAAs such as Phe, Tyr and Trp in liver steatosis ([@b75-ijmm-46-03-0936]).

4. Treatment of CVDs based on intestinal microflora and their metabolites
=========================================================================

Intestinal microbes are used to study the pathogenesis and determine the direction of treatment for CVDs. Research in this area has focused on fecal transplantation, the antibacterial effect of antibiotics, probiotics and prebiotics, but systematic research in this area remains relatively scarce. The treatment options and methods focusing on physical activity and dietary regulation are shown in [Fig. 3](#f3-ijmm-46-03-0936){ref-type="fig"}.

Approaches and rationale for the use of fecal microbiota transplantation (FMT)
------------------------------------------------------------------------------

FMT has been a hot research topic in recent years, and new discoveries have been made in disease treatment and the mechanisms regarding its use. FMT refers to the transfer of microbial communities from healthy donors to patients and has become an effective treatment option for chronic diseases ([@b76-ijmm-46-03-0936]). Studies have shown that the composition of the flora in the intestine may be associated with CVDs such as atherosclerosis, hypertension and heart failure. An imbalance in intestinal flora may cause metabolic disorders and the release of endotoxins, which may ultimately exacerbate the occurrence and development of CVDs ([@b77-ijmm-46-03-0936]).

In a cohort study using FMT from patients to germ-free mice ([@b78-ijmm-46-03-0936]), it was observed that, compared with healthy controls, microbial richness and diversity were markedly decreased, and that the *Prevotella* genus dominated the gut enterotype, whereas reduced numbers of *Prevotella* bacteria were associated with a healthy status, and overgrowth of bacteria such as *Prevotella* and *Klebsiella* was observed in metagenomic and metabolomic analyses ([@b79-ijmm-46-03-0936]). A number of microbial CVD-specific biomarkers have been identified, and fecal microbiome-targeted strategies are currently considered as a powerful tool for early diagnosis and treatment of different diseases. More importantly, through fecal transfer experimentation and gut microbiota remodeling, the intestinal microbiome has been confirmed to be involved in the pathogenesis of multiple diseases, such as obesity, depressive disorders, chronic ileal inflammation, liver diseases and atherosclerosis ([@b63-ijmm-46-03-0936]). A previous study indicated that there are clinical and mechanistic links between atherosclerotic heart disease and the microbial metabolism of certain dietary nutrients producing intestinal TMAO, and verified that intestinal microbial transplantation may enhance choline-induced TMAO production and susceptibility to atherosclerosis ([@b78-ijmm-46-03-0936]). The findings mentioned above indicate that, when intestinal flora from a subject with CVD is transplanted into a healthy organism, it may result in the development of angiocardiopathy, thus confirming that alterations in intestinal microflora play a pivotal role in driving the development of CVDs ([@b21-ijmm-46-03-0936],[@b63-ijmm-46-03-0936]). FMT from patients with type 2 diabetes to germ-free mice revealed that the microbiome-induced modulation of the dipeptidyl peptidase-4 inhibitor (DPP-4i) contributed to its hypoglycemic effect, and that the DPP-4i-altered microbiome improved glucose tolerance in the colonized mice, while acarbose did not ([@b80-ijmm-46-03-0936]). Moreover, DPP-4i increased the abundance of *Bacteroidetes*, and also promoted a functional shift in the gut microbiome, particularly by increasing the production of succinate ([@b80-ijmm-46-03-0936]). This suggests that transplanting the gut flora from a diseased into a healthy organism may promote disease development and that, in turn, transplanting the gut flora from a healthy into a non-healthy organism may alleviate or even cure the disease.

Antibiotics influence the effect of intestinal flora and related metabolites on CVD
-----------------------------------------------------------------------------------

Antibiotics have been used clinically to treat microbial infections, and their long-term use, misuse, or abuse are associated with a variety of side effects in the recipients. Wan *et al* ([@b81-ijmm-46-03-0936]) reported that the early administration of antibiotics or FMT may reduce the oxidative catabolism of FAs and amino acids in newborn piglets. The synthesis of such acids may represent a point of reference for regulating host metabolism.

Lam *et al* detected intestinal flora metabolites by mass spectrometry after feeding rats with broad-spectrum antibiotics, and found that the catabolism of AAAs was affected the most. Furthermore, antibiotic use has been shown to reduce the incidence of myocardial infarction *in vivo*, indicating that the intestinal flora affects the severity of myocardial infarction in rats. In addition, vancomycin protects the heart by activating Janus kinase-2, Akt/phosphoinositide 3-kinase, p44/42 mitogen-activated protein kinase (MAPK) and p38 MAPK pathways and K~ATP~ channels ([@b19-ijmm-46-03-0936]). Antibiotics can inhibit the metabolism of L-carnitine into TMA in intestinal flora, thereby reducing the synthesis of TMAO, reducing its stimulation of macrophages and the vascular endothelium, and decreasing the incidence of atherosclerosis ([@b82-ijmm-46-03-0936]).

A direct association between intestinal flora and the severity of myocardial infarction induced in rats has been highlighted by statistical analysis ([@b83-ijmm-46-03-0936]). In addition, Le Roy *et al* ([@b84-ijmm-46-03-0936]) used spectral antibiotics to inhibit the intestinal flora in ApoE^−/−^ mice with hypercholesterolemia. The authors found that intestinal flora in the mice exhibited a significant correlation with cholesterol regulation. Furthermore, samples of intestinal flora from patients with hypercholesterolemia were transplanted into experimental mice, which induced a plasma cholesterol phenotype in these mice. Some researchers have evaluated the role of intestinal flora transplantation as a complementary therapy for obesity, and found that it may reverse the effects of antibiotics and re-establish balance in the microbiome, thus restoring normal function and improving the diversity of the microbiome ([@b85-ijmm-46-03-0936]). Experiments have shown that controlling plasma cholesterol levels is key to preventing CVDs, and that gut flora can determine the levels of circulating cholesterol. This may provide a new method for supporting health and dietary habits as a first choice for maintaining homeostasis in the microbiome ([@b86-ijmm-46-03-0936]). In another study, antibiotic therapy has been shown to alleviate glucose intolerance, inflammation and liver steatosis caused by HFD, along with reduced liver lipogenesis and increased heat production in subcutaneous white adipose tissue ([@b43-ijmm-46-03-0936]). The diversity of intestinal flora in HFD mice and mice treated with antibiotics in their drinking water was significantly reduced, altering the function of the flora in the host ([@b79-ijmm-46-03-0936]).

Of note, antibiotic treatment may change the absorption rate, BA pool and bioavailability of drugs ([@b87-ijmm-46-03-0936]). The use of antibiotics to treat CVDs remains controversial due to their long-term side effects, and their use may decrease intestinal flora abundance and promote antibiotic resistance.

The cardiovascular system, probiotics, prebiotics and intestinal flora
----------------------------------------------------------------------

Probiotics are a class of active microorganisms that are beneficial to the host. After colonizing the human body, they alter the composition of the flora in the host to a certain degree ([@b88-ijmm-46-03-0936]) by promoting nutrient absorption and maintaining intestinal health by regulating host mucosal and systemic immune function or by regulating the balance of the intestinal flora ([@b89-ijmm-46-03-0936]). Probiotics include bacteria and yeast that act in the small and large intestine. Most probiotics include certain strains of *Escherichia coli*, *Bifidobacteria* species, *Lactobacillus* species, *Lactococcus lactis*, *Streptococcus* species and some *Enterococcus* species, with *Saccharomyces boulardii* being the most commonly used type of yeast. Based on the fecal persistence of the ingested strain, probiotics appear to temporarily settle in the gut and act by altering the colonic environment. Probiotics work in different ways through direct or indirect regulation in the host. First, they enhance the barrier function of the gastrointestinal tract through the tight junction proteins of the intestinal epithelium and the mucins secreted by goblet cells. Second, some probiotics can produce \'bacteriocin\', SCFAs and other antimicrobial factors that inhibit pathogen growth. Third, probiotics regulate the phenotype and activity of T cells, natural killer cells and macrophages, and reduce proinflammatory factor release by regulating the NF-κB pathway ([@b90-ijmm-46-03-0936]).

Prebiotics are non-digestible but fermentable dietary supplements that can improve the host\'s health by selectively stimulating the growth and activity of one or more dominant colonies already present in the colon, but are not limited to *Lactobacillus* and *Bifidobacterium* ([@b91-ijmm-46-03-0936]). A separate meta-analysis of a randomized clinical trial demonstrated that the intake of probiotics and prebiotics in foods or supplements significantly improved blood glucose levels, insulin levels and insulin resistance ([@b92-ijmm-46-03-0936]). Resveratrol (RSV) has been found to significantly regulate the growth of certain intestinal flora, including increasing the ratio of *Bacteroidetes* to *Firmicutes*, as well as the growth of *Bacteroides*, *Lactobacillus* and *Bifidobacterium*. This indicates that RSV may be a good candidate as a prebiotic that may be used to promote the growth of flora that can confer health benefits to the host ([@b56-ijmm-46-03-0936]). Galactooligosaccharides (GOS), which are common prebiotics, may participate in the regulation of lipid metabolism and are beneficial to the intestinal flora. In experimental studies on Sprague-Dawley rats, administration of GOS and fucoidan (a complex polysaccharide) improved dyslipidemia and exerted a positive effect on total cholesterol and triglyceride levels in overweight adults, and reduced hepatic steatosis and aortic arch atheroma formation ([@b93-ijmm-46-03-0936]). GOS may also reduce total serum cholesterol by regulating the microbiome in infants ([@b93-ijmm-46-03-0936]). Guar gum, which is also a type of prebiotic, may change the composition of intestinal flora in rodent models of HFD, thereby reducing diet-induced obesity and improving glucose tolerance, but it may worsen the liver phenotype, leading to increased inflammation and fibrosis in a HFD model ([@b23-ijmm-46-03-0936]). Probiotics or prebiotics may be used as therapeutic agents for BA-related metabolic disorders, suggesting that microbiome-based therapies may be effective in preventing and/or treating intestinal-related diseases, including atherosclerosis ([@b94-ijmm-46-03-0936]).

Probiotics and prebiotics also improve the accumulation of toxins produced by harmful intestinal bacteria in the body by regulating the abundance of intestinal bacteria and the interactions between symbiotic bacteria. In the clinical setting, there are few reliable statistical analyses on the safety and side effects associated with the use of probiotics and prebiotics; therefore, the medicinal value of microbial therapy requires further investigation.

Physical activity may positively modulate gut microbiota in CVDs
----------------------------------------------------------------

Proper physical activity is known to boost metabolism and immunity. However, with the increasing scope of research in the field of intestinal flora, it is suspected that exercise affects the regulation of intestinal flora and the extent to which intestinal flora impacts disease prevention and progression. Maintaining homeostatic balance in the intestinal flora is now considered to support the health of the host. It has been demonstrated that physical activity can independently reduce the risk of coronary heart disease and other CVDs ([@b94-ijmm-46-03-0936]), such as hypertension, hyperlipidemia, obesity and diabetes ([@b95-ijmm-46-03-0936],[@b96-ijmm-46-03-0936]). Vascular wall shear stress during exercise improves endothelial cell function and can lower serum C-reactive protein levels ([@b97-ijmm-46-03-0936]).

Aerobic capacity, which is expressed as peak oxygen consumption (V~O2~ peak), is the gold standard used for predicting cardiovascular health and all-cause mortality, even for patients who already have various CVDs and coronary risk factors ([@b98-ijmm-46-03-0936]). Cardiopulmonary fitness is associated with increased intestinal flora diversity in healthy individuals, and the intestinal flora of hypertensive patients is significantly imbalanced with a reduced abundance of certain flora. Among these microbes, opportunistic genera, such as *Streptococcus* and *Klebsiella*, are common, whereas others, such as *Clostridium tenella*, are more common in healthy individuals. Although the intrinsic mechanism through which intestinal flora regulate BP remains unclear, SCFAs play a key role in the pathogenesis of hypertension. SCFAs produced by the intestinal flora regulate BP through Olfr78 (an olfactory receptor) and Gpr41 ([@b99-ijmm-46-03-0936]). High-throughput 16S rDNA sequencing analysis of intestinal flora uncovered that, when healthy individuals exercised, their *Bacteroides* and *Bifidobacteria* levels and SCFAs increased significantly ([@b83-ijmm-46-03-0936]), helping to maintain the dynamic balance of the intestinal immune system and, to a certain extent, maintaining BP stability ([@b95-ijmm-46-03-0936]).

Different exercise intensities differ in their effects on intestinal flora. Bernardo *et al* used moderate exercise intensity to study the intestinal flora of obese and hypertensive rats. Fecal samples from the rats were collected before and after exercise for 16S rRNA detection, and the results revealed that exercise changed the composition and diversity of all the intestinal microorganisms at the genus level. *Streptococcus* and *Aggregatibacter* were more abundant before exercise, whereas *Allobaculum*, *Pseudomonas* and *Lactobacillus* were more abundant after exercise, among which *Lactobacillus* was the most abundant ([@b100-ijmm-46-03-0936]). Therefore, it is not surprising that diet restriction and increased physical activity as an intervention for obese individuals resulted in a greater abundance of intestinal *Bacteroides* after weight loss ([@b101-ijmm-46-03-0936]). Controlling intestinal flora diversity may be another approach to reducing obesity.

There are differences in the intestinal flora between those subjected to voluntary or forced exercise, and exercise intensity may be a variable that affects the function of intestinal flora. High-intensity intermittent exercise increases the diversity of microorganisms in the distal intestine and in the feces and the ratio of *Bacteroides* to thick-walled flora, while also enhancing the tricarboxylic acid metabolic loop during diet-induced obesity ([@b100-ijmm-46-03-0936]). In a previous study on the effect of intestinal flora on exercise capacity, serum-free glutathione peroxidase levels in the livers of mice without specific pathogens were higher compared with those in sterile mice, and the time of endurance swimming was longer compared with that of sterile mice ([@b102-ijmm-46-03-0936],[@b103-ijmm-46-03-0936]). Other studies have demonstrated that different amounts of exercise differ in their effects, and exercise intensity may alter the composition of the intestinal flora, such that regular physical exercise exerts an anti-inflammatory effect, leading to patterns of increased anti-inflammatory cytokine and/or decreased pro-inflammatory cytokine levels ([@b96-ijmm-46-03-0936],[@b104-ijmm-46-03-0936],[@b105-ijmm-46-03-0936]).

Exercise, an independent factor affecting the composition and diversity of intestinal flora among external environmental stressors, improves the body\'s metabolism and immune system. At present, there are few systematic studies on the effects of specific factors, such as exercise intensity, quantity, time and mode, on the intestinal flora. The specific regulatory mechanism of exercise on the intestinal flora awaits further study.

Effects of dietary habits on risk factors for CVD
-------------------------------------------------

The improvement in living standards has been accompanied by poor eating habits, such as the excessive intake of high-fat, high-cholesterol and high-salt diets, as well as tobacco and alcohol consumption, which are known causes of angiocardiopathy ([@b106-ijmm-46-03-0936]). It has been demonstrated that the benefits of a healthy diet are enhanced by the anti-inflammatory effects of SCFAs and other bioactive products produced by the intestinal flora ([@b51-ijmm-46-03-0936]). A healthy diet is conducive to the optimal functioning of the gastrointestinal tract and the composition of its microbial flora ([@b107-ijmm-46-03-0936]). Epidemiological investigations have demonstrated that Western diets are high in sugar and fat and lack sufficient dietary fiber, all of which are associated with an increased risk of obesity and CVDs ([@b108-ijmm-46-03-0936]). In addition, recent research from Tindall *et al* indicated that consuming FAs, bioactive compounds and the fiber in walnuts improved cardiovascular risk factors by regulating the abundance of intestinal flora ([@b109-ijmm-46-03-0936]). Moreover, it was reported that diindolylmethane and indole-3-methanol from cruciferous plants can reduce plasma TMAO levels by inhibiting flavin-containing monooxygenase, thereby preventing the development of CVDs. Therefore, the consumption of purple cabbage and broccoli may reduce TMAO levels and alleviate its adverse effects on the body ([@b36-ijmm-46-03-0936]). The evidence mentioned above supports the concept that a healthy diet containing fruits and vegetables may greatly reduce the risk factors for CVD.

5. Conclusion
=============

Under normal conditions, intestinal flora is dynamically balanced to maintain health ([Fig. 4](#f4-ijmm-46-03-0936){ref-type="fig"}). When the bodily environment, external environment and dietary factors change, causing an imbalanced flora, disease development may occur. As mentioned in this review, TMA, choline and L-carnitine are metabolites produced by intestinal flora via oxidation of FMO3 and TMAO; however, increased plasma TMA and TMAO levels exert a stimulatory effect on vascular endothelial and inflammatory cells, particularly TMAO, as it can further activate the TLR4-NLRP3-TGF-β pathway, resulting in prominent release of inflammatory factors and collagen, eventually leading to myocardial fibrosis and cardiac dysfunction. TMAO promotes vascular endothelial cell dysfunction and induces atherosclerosis by activating the PKC/NF-κB/VCAM-1 pathway. In addition, TMAO can stimulate macrophages to upregulate the CD36 and SRA scavenger receptors. When excessive lipid is deposited in the cytoplasm and exceeds the cell\'s own metabolic capacity, foam cells form and further accelerate the development of atherosclerosis. In addition to the inflammatory cells and cholesterol crystals present in atherosclerotic plaques, some autopsy reports show that such plaques contain bacterial DNA, making it likely that intestinal flora is translocated into the circulatory system where it participates in the disease process. BAs participate in glucose and lipid metabolism and energy consumption in the body through the enterohepatic circulation. BAs act on FXR to inhibit the abnormal proliferation of intestinal flora and to regulate the expression of BCL-2/BAX, which causes cardiomyocyte apoptosis. Through 11β-HSD, BAs also regulate cortisol and aldosterone levels and maintain BP stability. Furthermore, BAs and their derivatives play an anti-atherosclerosis role after activating FXR. Hydrophilic BAs and the main ions inside and outside the cell membrane exert an anti-arrhythmic effect, while lipophilic BAs cause arrhythmias through changes in the membrane potential. SCFAs, which mainly comprise butyric acid, acetic acid and propionic acid, participate in the regulation of immune function by activating GPR and HDAC. The NaB metabolite from the flora activates the GPR43-Akt-GSK3 signaling pathway to regulate blood glucose homeostasis and reduce damage to the systemic blood vessels from hyperglycemia. Fecal SCFA levels in hypertensive patients are significantly higher compared with those in the plasma, suggesting that the intestinal SCFA absorption rate is low and indicating a potential target for pathogenesis and BP-lowering treatments. When AAAs undergo nitrification, halogenation, sulfonation, alkylation and acylation reactions through GPRs, they can produce substances that damage the myocardial and vascular endothelia, promoting the development of CVDs. Additionally, nitroAAAs, the metabolites formed by aromatic electrophilic substitution reactions such as acetylation, can accumulate in the body and affect the normal metabolism of cells and organ function, and the intestinal flora associated with a Trp-rich diet may produce a variety of indole metabolites, which in turn activate AhR, inhibit inflammation and reduce CVD risk factors.

In light of the current scientific knowledge and our improved understanding of intestinal flora, researchers have proposed a number of treatments that fit into what is referred to as the \'enteric-cardiac theory\', such as intestinal flora transplantation, antibiotic therapy, dietary supplementation with probiotics and prebiotics, exercise and dietary adjustments. Among them, exercise and dietary changes are feasible methods for improving overall health, whereas intestinal flora transplantation may cause long-term adverse reactions. Methods for maintaining the homeostasis of the intestinal flora and improving the abundance of beneficial bacteria is a new research direction for the prevention and treatment of CVDs. Macrogenomic analysis of gut microflora in humans has revealed significant differences in the intestinal microbial structure between healthy individuals and patients with CVDs. The pathway of intestinal microbial metabolites may be used as an entry point for the study of treatment methods, and for in-depth research on the pathogenesis of CDVs. As the disruption of the microbial homeostatic balance is strongly associated with disease, researchers have investigated whether intestinal flora transplantation, drug interventions, dietary regulation and exercise can maintain a healthy balance of intestinal flora. Studying the pathogenesis of CVDs, such as atherosclerosis, hypertension and myocardial infarction, in the context of the microbiome may lead to the identification of new drugs and methods with few side effects, cost-effectiveness and good curative efficacy.
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![Association between intestinal flora metabolites and CVDs. (A) Gut microbiota and cardiovascular system in the healthy state. The microbial biomass increases, with the inflammatory cells maintaining a normal defense function and the intestinal epithelial cells remining tightly connected to maintain the mucosal barrier. (B) Intestinal flora state under CVD condition. The microbial biomass is reduced significantly and the intestinal epithelium permeability increases, leading to translocation of intestinal bacteria and marked proliferation of inflammatory cells, which impairs intestinal mucosal barrier function and may causes CVDs and metabolic syndrome, among others. CVDs, cardiovascular diseases; BAs, bile acids; SCFAs, short-chain fatty acids; AAAs, aromatic amino acids; TMA, trimethylamine; TMAO, trimethylamine N-oxide.](IJMM-46-03-0936-g00){#f1-ijmm-46-03-0936}

![Enterohepatic circulation of BAs. BAs are synthesized from cholesterol in the liver through classic and alternative pathways. The classic pathway includes a series of reactions to produce diols and triols, which are carboxylated by mitochondrial CYP27A1 to produce the primary BAs CA and CDCA. These two BAs combine with taurine or glycine to form primary conjugated BAs, which are then secreted from the biliary tract into the intestinal cavity and metabolized by the intestinal flora to form secondary BAs (deoxycholic acid and lithocholic acid). Approximately 95% of BAs are reabsorbed in the terminal ileum and ascending colon, and approximately 5% are excreted in the feces. The alternative pathway includes a series of enzymatic reactions to form 5-cholesten-3β,7α,27-triol. When 5-cholesten-3β,7α-diol production disorders or secondary BA excretion disorders occur, they may lead to coronary heart disease, hypertension and other cardiovascular diseases. BAs, bile acids; CA, cholic acid; CDCA, chenodeoxycholic acid.](IJMM-46-03-0936-g01){#f2-ijmm-46-03-0936}

![Treatment of cardiovascular diseases based on intestinal microflora and its metabolites. Five treatment methods that are closely associated with intestinal flora are depicted: FMT involves transplanting the intestinal flora of healthy individuals into the patient, and it may delay or prevent developing the disease through the effects of the flora or its metabolites. The use of antibiotics may alter the structure and abundance of intestinal flora, inhibit the proliferation of harmful flora, and improve the progression and prognosis of cardiovascular diseases to a certain extent. Probiotics, such as *Bifidobacterium* species and lactic acid bacteria species temporarily colonize the intestine, and change the intestinal environment by affecting cardiovascular disease-related pathways and metabolites; prebiotics can selectively stimulate the growth of predominant bacteria in the intestine, improve glucose and lipid metabolism and cooperate with probiotics improve the gut microbiome. Changes in diet composition and habits lead to changes in the metabolic function of intestinal flora, and the reduction of harmful metabolites, such as TMAO, may reduce the incidence of cardiovascular disease. Physical activities of different types and intensities affect the abundance and metabolites of intestinal flora, increase the abundance of beneficial flora, and reduce the high-risk factors that cause cardiovascular disease. TMAO, trimethylamine N-oxide; FMT, fecal microbiota transplantation.](IJMM-46-03-0936-g02){#f3-ijmm-46-03-0936}

![Potential role and mechanism of action of gut microbiota metabolites in CVD development. Dietary choline, phosphatidylcholine and carnitine produce TMA through decay and metabolism of the intestinal flora, and the absorbed TMA reaches the liver and is oxidized by FMO3 to form TMAO, which stimulates macrophages to upregulate scavenger receptors (such as CD36, SRA and SRB1), resulting in foam cell formation and accelerating the progression of chronic vascular inflammation, such as atherosclerosis. BAs enter the enterohepatic circulation through the intestinal flora and related enzymes. SCFAs are important for maintaining the normal function of the large intestine and the morphology and function of colonic epithelial cells. They can also promote the absorption of sodium and the aggregation of bacteria. Dietary proteins are metabolized by intestinal flora to produce AAAs, including Phe, Tyr and Trp, which participate in various metabolic processes. CVDs, cardiovascular diseases; TMA, trimethylamine; TMAO, trimethylamine N-oxide; FMO3, flavin monooxygenase 3; SCFAs, short-chain fatty acids; AAAs, aromatic amino acids; BAs, bile acids; Phe, phenylalanine; Trp, tryptophan; Tyr, tyrosine.](IJMM-46-03-0936-g03){#f4-ijmm-46-03-0936}
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